Platinum-based transition metal dichalcogenides have been gaining renewed interest because of the development of a new method to synthesize thin film structures. Here, using first-principles calculation, we explore the electronic properties of PtX 2 (X = S, Se, and Te) with respect to film thickness. For bulk and layered structures (1 to 10 layers), octahedral 1T is the most stable. Surprisingly, we also find that the 3R structure has comparable stability relative to the 1T, implying possible synthesis of 3R. For a bulk 1T structure, PtS 2 is semiconducting with an indirect band gap of 0.25 eV, while PtSe 2 and PtTe 2 are both semi-metallic. Still, all their corresponding monolayers exhibit an indirect semiconducting phase with band gaps of 1.68, 1.18, and 0.40 eV for PtS 2 , PtSe 2 , and PtTe 2 , respectively. For the band properties, we observe that all these materials manifest decreasing/closing of indirect band gap with increasing thickness, a consequence of quantum confinement and interlayer interaction. Moreover, we discover that controlling the thickness and applying strain can manipulate van Hove singularity resulting to high density of states at the maximum valence band. Our results exhibit the sensitivity and tunability of electronic properties of PtX 2 , paving a new path for future potential applications. npj 2D Materials and Applications (2019) 3:2 ; https://doi
INTRODUCTION
Transition metal dichalcogenides (TMDs) are very old materials, among which is molybdenite (MoS 2 ), with the earliest sample dating back to more than 2.9 billion years ago. 1 Layered TMDs generally have the formula MX 2 , where M corresponds to a transition metal, usually belonging to group IV-VII, and is sandwiched by X atoms which correspond to chalcogens, e.g., S, Se, and Te. The common structures of TMDs can either be trigonal prismatic or octahedral, which can be stacked into different polymorphs known as 1T, 2H, and 3R. 2 Studies regarding TMDs have already been done as early as 1923.
3 By 1960 , comprehensive studies about their single to few layered structures, 4, 5 as well as optical, electrical, and structural properties, have already been explored, 6 but these works were mostly overlooked. However, the interest in TMDs was rekindled with the discovery and success of graphene 7 which revolutionized our current understanding of two-dimensional (2D) materials. With this, layered TMDs, due to their easiness to be exfoliated 4 with van der Waal forces between layers, has become one of the alternatives for graphene. 8 Moreover, recent studies showed that the electronic properties of TMDs can easily be engineered and tuned just by varying its thickness 9, 10 or inducing strain [11] [12] [13] [14] which present immense possibilities for applications in solid-state physics and technological advancement. Experimental 2, 15, 16 and theoretical 2, 9, 17, 18 studies confirmed that the electronic properties of Mo-and W-based TMDs can be manipulated by controlling the number of layers (or thickness). It was observed that decreasing the number of layers (L) from bulk to monolayer corresponds to increasing band gap. Additionally, a transition from indirect to direct band gap also occurs when decreasing the thickness from bulk to monolayer. These interesting properties make TMDs one of the forerunners in materials research, especially in 2D materials.
Experimental investigations [19] [20] [21] [22] [23] [24] [25] [26] [27] on Pt-based TMDs have been conducted and were found to exhibit better characteristics than the other well-studied TMDs. Recently, a new technique to synthesize few layers of PtSe 2 by "direct selenization" of Pt metal was developed. It was found that the synthesized 1T-PtSe 2 using the said method have potential applications for photocatalysis and valleytronics. 19 Furthermore, by using Raman characterization, it is possible to determine the thickness of few-layered 1T-PtSe 2 fabricated through "direct selenization" technique. 20 In one study, 23 it was observed that the electron mobility at room temperature of PtSe 2 is significantly higher than MoS 2 implying that it has potential applications in field-effect transistors. Other studies also showed that these specific TMDs have unique electronic properties that are suitable for a wide range of optoelectronic device applications 21, 22 and hydrogen-evolution reaction. 24 Moreover, theoretical studies [27] [28] [29] [30] [31] [32] [33] [34] [35] regarding noble TMDs, specifically on PtX 2 and PdX 2 , have been conducted. However, they are mostly either focused on the properties of fewlayer structures, or on other specific TMD materials. Furthermore, to the best of our knowledge, no studies have been done regarding the possibility of another stable structure, and about the presence of van Hove singularity on Pt-based TMDs. Thus, a detailed analysis for these materials focusing on thickness dependence is still lacking.
In this paper, we probed the behavior of the electronic properties of Pt-based TMDs (PtX 2 where X = S, Se, and Te) using first-principles calculations. Here, we specifically focused on the thickness dependence of the band structures by varying the number of layers from monolayer up to 10L, as well as the band structures of bulk PtX 2 . With regards to the bulk structure of PtX 2 , we also probed other existing structures of TMDs (2H and 3R) in which we confirmed that 1T is indeed the most stable structure of PtSe 2 . However, we found that 3R has comparable formation energy relative to 1T, which suggested that it was indeed possible to synthesize this 3R structure. Finally, we studied the evolution of the highest occupied state of PtS 2 with respect to thickness and strain where we found possible van Hove singularity (vHs). 36 Previous studies have shown that vHs near the Fermi level enhances material property such as superconductivity, [37] [38] [39] ferromagnetism, 40, 41 and antiferromagnetism. 42 Our results show that PtX 2 TMDs have their own interesting features which provide an initial basis for possible future applications and advancement of these materials.
RESULTS
In this study, Fig. 1 shows the crystal structures of octahedral 1T and 3R as well as the corresponding first Brillouin Zone (BZ). For bulk 1T and 3R PtX 2 , the optimized lattice parameters together with the calculated formation energy per formula unit (E F ) and system band gap (E G ) are shown in Table 1 . Table 2 , on the other hand, shows the calculated formation energy per formula unit (E F ) and band gap (E G ) of the layered structures of 1T and 3R PtX 2 from monolayer up to 10L. The calculated bulk band structures are shown in Fig. 2 . For the layered structures, the bulk lattice constants (see Table 1 ) are used to construct the layered structures starting from monolayer up to 10L. Crystal structure relaxations were performed again before determining the formation energies and electronic properties. To understand the effect of the thickness to the electronic structures of layered PtX 2 TMDs, we explored the structural and electronic properties of PtX 2 with respect to the number of layers. The calculated electronic band structures of multilayer PtS 2 , PtSe 2 , and PtTe 2 are presented, respectively, in Figs. 3, 4, and 5. For the vHs, the energy contour plots are shown in Figs. 6 and 7.
DISCUSSION
As seen in Fig. 1 , both 1T and 3R have octahedral coordination for each unit layer but differ in layer stacking, i.e., AA (Fig. 1b) and ABC (Fig. 1c) , respectively. Based on the calculated formation energies shown in Table 1 , 1T is the stable structure for bulk PtX 2 , while 3R is a metastable phase. With regards to our proposed metastable 3R structure, we based our initial assumptions on the experimental study 20 in which the authors were able to find PtSe 2 structures that are not 1T. From this result, we examined known bulk structures of TMDs-1T, 2H, and 3R combined with octahedral and trigonal prismatic coordination, and we found that octahedral 1T is indeed the most stable for bulk PtX 2 structure. Surprisingly, we found that octahedral 3R has a comparable stability relative to 1T based on the E F , indicating the possibility of synthesis. Also, we define for this study the system band gap which is the difference in energy between the conduction band minimum (CBM) and the valence band maximum (VBM). Using this definition, we further define a semimetal as a material with a negative band gap.
Here, we discuss the calculated properties of the bulk PtX 2 structures. We start with 1T-PtS 2 , which is the only semiconductor among the three 1T bulk structures. Our calculated lattice constants and band gap (Table 1) (E G = 0.25 eV), respectively. 25, 26 Furthermore, 1T-PtSe 2 and 1T-PtTe 2 are found to be semi-metallic 30, 31 with calculated (experimental 25 ) lattice parameters of a = 3.785 Å, c = 4.969 Å and a = 4.069 Å, c = 5.236 Å (a = 3.728 Å, c = 5.081 Å and a = 4.026 Å, c = 5.221 Å), respectively. However, we note that previous studies 30, 31 show that bulk 1T-PtTe 2 is metallic, in contrast with our results, which we attribute the difference due to the inclusion of spin-orbit coupling (SOC) in our calculations.
Scrutinizing the bulk 1T band structures, we see that the system band gap originates from the top of the VBM at Γ point up to the conduction band at K point for all the chalcogens. With regards to the calculated band structures in 3R, we see that the band of bulk 3R-PtS 2 is still indirect but the gap is now 0.93 eV, which is higher as compared to its 1T counterpart. In addition, bulk 3R-PtSe 2 now has an indirect semi-conducting gap of 0.12 eV. Among the three bulk 3R-PtX 2 , 3R-PtTe 2 remained to be semi-metallic. In Fig. 2 , we compare the band structures of bulk 3R with bulk 1T. We see that the system band gap still originates from the VBM at Γ point, but this time, the CBM is now at the middle of Γ and K points. The difference in the electronic band structures of bulk 1T and 3R is due to the breaking of crystal symmetry which affects the highsymmetry points of the BZ.
Next, we explore the thickness dependent properties. The bulk lattice constants (see Table 1 ) are used to construct the layered structures starting from monolayer up to 10L. Crystal structure relaxations were performed again before determining the formation energies and electronic properties. To understand the effect of the thickness to the electronic structures of layered PtX 2 TMDs, we explored the structural and electronic properties of PtX 2 with respect to increasing the number of layers. We note that for the case of thin film structures, we opted to only show the band structures for 1T-PtX 2 because, to the best of our knowledge, only this structure has been synthesized experimentally.
We now analyze the band structures of each chalcogen starting off with PtS 2 . As shown in Fig. 3 , the band gap increases as the number of layers decreases, with E G = 0.25 eV in bulk, and E G = 1.68 eV in monolayer. However, we only observe indirect band gaps as the number of layers decrease, 32 which is unlike MoS 2 and WS 2 . But looking closely at the band structures, we see that the VBM moved from Γ point at 10L to the in-between of M and Γ points at the monolayer with the apparent adjustment occurring between the 3L and 4L. We see that at 4L, the VBM is still at the Γ point, but upon decreasing to 3L, the VBM shifted its position. Still, the CBM remains in the middle of M and Γ points. The evolution of electronic band structure of thin film PtSe 2 from monolayer to 10L is shown in Fig. 4 . Our results show that 1T-PtSe 2 is an indirect band semiconductor only at its mono-and bilayer with gaps of 1.18 eV and 0.21 eV, respectively, while the structures from 3L to bulk are semi-metallic. Just like in the case of PtS 2 , we see that in PtSe 2 from 10L to 4L, the VBM is located at Γ point while the CBM is located in-between the M and Γ points. The change also occurs in 3L where both the VBM and CBM, respectively, are located in-between M and Γ points. 29 The difference between PtS 2 and PtSe 2 is that the VBM of PtSe 2 goes back to the Γ point at monolayer, as opposed to monolayer PtS 2 in which the VBM is still in-between M and Γ points. With this, we observe that there is minimal to no shift of indirect-to-direct band gap as the thickness decrease for the PtSe 2 structure.
Among the chalcogens incorporated in this study, Te combined with Pt has the smallest monolayer band gap of 0.40 eV, while the bilayer up to its bulk structure is semi-metallic (see Table 2 ). Looking closely at band structures of 1T-PtTe 2 with varying thickness in Fig. 5 , we are still able to observe the decreasing system band gap with increasing number of layers from bilayer to 10 layers. From 3L to 10L, the VBM is located at the Γ point and the CBM is in-between the M and Γ points. However, in bilayer, the VBM and CBM, respectively, are now both located in-between the M and Γ points. Proceeding to the monolayer, we see another transition of the VBM going back to Γ point, but this time, the structure is now a semiconductor with an indirect band gap of 0.40 eV. Although PtX 2 are an indirect bandgap semiconductors, a transition from indirect to direct bandgap can be tuned by strain. 14, 33, 34 In all 1T-PtX 2 (X = S, Se, and Te) TMDs investigated in this study, we were able to observe an increasing system band gap with decreasing number of layers from bulk down to monolayer structures. However, unlike other TMDs like MX 2 (M = Mo and W; X = S, Se, and Te) which are direct bandgap semiconductors at monolayer, 2 we were not able to observe a shift from indirect-todirect band gap as the number layers decrease from bulk to monolayer structures. A possible reason for this uniqueness is due to the difference in crystal structure -MX 2 has the 2H structure while PtX 2 has the 1T structure. This dissimilarity in crystal symmetries greatly contributes on how the electronic properties will behave. Nevertheless, we are still able to observe the inverse relationship between the band gap and the number of layers. This phenomenon is governed by factors such as quantum confinement effect 18 and interlayer interaction through van der Waals interaction. 43 Moreover, upon further inspection of the band structures, we were able to observe a flat band dispersion near the Fermi level of unstrained (0.0%) 4L 1T-PtS 2 as shown in Fig. 6b . When a band in a dispersion curve is flat, this indicates that a lot of allowed states occupy almost the same energy levels. This results to high or diverging density of states (DOS) which is the characteristic feature of vHs. 39, 44 Moreover, previous studies 45, 46 on graphene and phosphorene have shown that by inducing strain, one can tune the presence and/or location of the vHs relative to the Fermi level, which is indicated by saddle points, resulting to high density of states. With this in mind, we plotted the band energy contour and band structure with DOS for monolayer to 4L PtS 2 (Fig. 6) . We immediately see the presence of vHs near the Fermi level in monolayer along Γ-K (Fig. 6a) , as confirmed in DOS indicated by the red arrow (Fig. 6b ). We also see the possible vHs in bilayer and 4L along Γ-M (highlighted by the red arrows).
Since the vHs in 4L is closer to the Fermi level than bilayer, we applied biaxial strain (from −4 to 4%) to the former and plotted the band energy contours (Fig. 7a ) and band structures with DOS ( Fig. 7b) to investigate the effect of strain. We found a substantial enhancement of vHs in the −2.0% strain with respect to the unstrained case, as indicated by the higher DOS intensity in the former. Our results show that, indeed, the vHs can be tuned by controlling the thickness and straining the material.
In conclusion, because of their unique electronic properties which could be tuned just by manipulating the thickness or inducing strain, the interest for 2D TMDs has been on the rise for the past few years since the discovery of graphene. Furthermore, the discovery of an efficient way to synthesize few-layer PtSe 2 rekindled the fascination to Pt-based TMDs regarding their possible properties and applications. In this study, using firstprinciples calculations, we examined the layer dependence of the electronic properties of PtX 2 TMDs. Moreover, we found a possible metastable 3R structure with comparable formation energy to the 1T structure, the most energetically favorable structure of PtX 2 . Our results show that 1T-PtS 2 is an indirect semiconductor with the band gap decreasing from 1.68 eV (monolayer) to 0.25 eV (bulk). Although 1T-PtSe 2 is only semiconducting in bilayer and monolayer with band gap equal to 0.21 and 1.18 eV, respectively, we were able to observe a similar trend that its system band gap decreases as the number of layer number increases from monolayer to 10L. For 1T-PtTe 2 , we found that its monolayer has the smallest band gap equal to 0.40 eV as compared to the other monolayers, and it is only semiconducting in the monolayer structure. Nonetheless, we were still able to observe the decrease in band gap as the number of layers increase from bilayer up to 10L. Overall, we see that Pt-based TMDs exhibits an inverse relationship between its band gap and its thickness which is due to the interplay between quantum confinement effect and interlayer interactions. Additionally, we were able to find diverging density of states in some layered PtS 2 , indicating the presence of vHs. Moreover, we show that strain can tune the presence of vHs near the Fermi level. Finally, our results definitely show that the electronic structures of Pt-based TMDs possess high tunability and sensitivity to change in its thickness which could be utilized for future potential applications.
METHODS
We performed our first-principles calculations within the density functional theory framework 47 using projector-augmented wave 48, 49 wave functions with energy cut-off energy of 400 eV. We used optB88-vdW functional [50] [51] [52] [53] for van der Waals correction in addition to GGA-PW91 [54] [55] [56] pseudopotential as implemented in the Vienna Ab-Initio Simulation Package (VASP). [57] [58] [59] [60] All crystal structure relaxations were conducted until the residual force acting on each atom is less than 0.01 eV/A. The self-consistent convergence criterion for electronic structures was set to 10 −6 eV. We sampled the first brillouin zone (BZ) using Г-centered Monkhorst-Pack 61 grids of 18 × 18 × 13, 18 × 18 × 4, and 18 × 18 × 1 for bulk 1T, 3R, and thin film structures, respectively. To simulate finite-layer structures, we added a vacuum of 25 Å above the topmost layer to eliminate the interactions due to periodic boundary conditions. All calculations are done with the inclusion of SOC. We tested several pseudopotentials combined with different vdW correction functionals, in which we found that GGA-PW91 [54] [55] [56] combined with optB88-vdW [50] [51] [52] [53] yielded the most accurate band gap results without sacrificing the correctness of the lattice parameters relative to the experimental result. 25 For the strain calculations, we implemented compressive (-) and tensile (+) strain. In applying the strain, we changed the lattice constant then did another relaxation calculation while only allowing the atomic positions to change and fixing the lattice constant. Moreover, we used 300 × 300 × 1 kpoint mesh to get an accurate energy contour plot.
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